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Design techniques are presented for a 0.5-MHz class D „ m nNfi*r • 
processed MOSFETs with uhraf^r imri«* Z a- i amplifier using specially 

and supply feedforward to the modulator Sta^^ 

supply issues, including a lightweight power-factor rorr^J included of power 

power supply. sniweignr power- factor-corrected quasi-resonant switching 



1 POWER-STAGE BASIC TOPOLOGIES 

The topology chosen for this switching amplifier is 
the "classic" buck pulse-width-modulated (PWM) 
switch in a fun bridge configuration. Alternatives con- 
sidered include the half-bridge and a four-quadrant Cuk 
converter f 1 j. The basic Cuk converter can be thought 
of as a combination buck/boost converter using capac- 
itors as an intermediate energy transfer element If 
properly designed, it can achieve near zero ripple cur- 
rents, making it relatively easy to achieve low electro- 
magnetic interference (EMI). Furthermore, a four- 
quadrant converter may be configured with all drive 
circuits referred to ground. The Cuk converter is not 
without some drawbacks, though. The individual con- 
verter blocks have a fairly nonlinear gain characteristic 
which is balanced to a degree in the four-quadrant con- 
verter. The characteristics of the charge transfer ca- 
pacitor have a significant effect on circuit balance and 
overall distortion [2|. Furthermore, the additional series 
inductors required to meet the "zero output ripple" 
condition create another pole in the transfer function 
which tends lo peak the output response ai a frequency 
well below the output corner frequency. This may be 
damped by an RC damper of the Cuk capaciiors,' but 
it requires capacitors twice the value of ihc Cuk ca- 
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pac.tors. Output impedance is relatively high, rendering 
the Cuk converter fairly load sensitive. Furthermore 
this design requires p- and /i-type devices for grounded 
operation, rendering high-power converters impracti- 
MOSFETs rCSiSUnCe handica P of p-channel 

l.t Basic Characteristics of Buck PWM 
Converter 

The half-bridge and full-bridge buck converters 
present their own set of problems, but offer some ben- 
efits in return. The inherent transfer function is quite 
linear, and the number of reactive energy storage ele- 
ments is mimmized. Achieving low output voltage ripple 
with a single LC stage is problematic at switching fre- 
quencies that result in good efficiency. As for all buck 
converters, input current ripple is fairly high and has 
a high harmonic content. To achieve low Josses at hieh 
power, all ^-channel devices should be used and this 
necessitates isolated, -floating- drivers with consid- 
erable precision and speed. Although some converters 
in principle allow simple ground -referred drive circuits 
with direct connection to analog control circuits ex- 
perience and the reports of other researchers [2] show 
that ins impractical to mix fast digital and drive circuits 
with clean" analog circuits on a common ground The 
author s experience is that analog control and feedback 
circuits must be isolated to the greatest degree possible 
from the driver and switching power blocks; this prin- 
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ciple drove a number of design decisions. Under these 
ground rules, the deveJopment of a "clean" buck con- 
verter is not at as much at disadvantage as might be 
thought. Furthermore, its inherently linear transfer 
function and low output impedance arc very desirable 
qualities. The overall topology developed is outlined 
in Fig. 1, which includes the basic control loop, mod- 
ulator, and output-stage signal paths. Note that the 
modulator circuit uses switched current sources to create 
a high-frequency triangle wave. The square-wave os- 
cillator is derived from the divided output of a crystal 
oscillator at 5 MHz. The triangle amplitude is a function 
of the current source amplitude, which includes a fixed 
reference component and a component derived from 
the power-supply rail voltage. By this means the mod- 
ulator-stage gain is corrected by feedforward so that 
the variations in output level, which would occur be- 
cause of supply-voltage variations, are suppressed. This 
includes effects such as variations in power supply 
voltage, which occur as a result of high output signal 
levels. 

1.2 Bridge Configurations 

Several factors were considered when choosing be- 
tween a half-bridge and a full-bridge switch configu- 
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ration. Component cost and count will at first glance 
appear lower for the half-bridge circuit. However, for 
a given power level, the full bridge allows the use of 
MOSFETs with one-half the drain-source breakdown- 
voltage rating (V DS{BRRJ ). Though the full-bridge circuit 
has two switches in series with the load, the drain- 
source on-resistance (RosiOH)) of 200- V MOSFETs is 
less than one-half that of the 400-V types with com- 
parable chip area. As an example, the BUZ250 with a 
20-mm 2 chip is rated at 250 V, 0. 24 (I , and 1 7 A , while 
the BUZ331. with a 25-mm 2 chip, is rated at 500 V, 
0.8 17, and 8.0 A. For the same number of MOSFETs, 
conduction losses can be lower with the full bridge. 
The lower voltage MOSFETs also have considerably 
lower Q n% contributing to lower switching losses should 
the intrinsic diode carry current. Other issues are noise 
and distortion. For the full-bridge circuit, even-order 
distortion products will cancel. Furthermore, the high- 
frequency switching loop may be confined to the power 
supply rails, while in the half-bridge circuit the power 
loop includes the ground circuit in the path, not just 
as a reference point. The opposing current paths in the 
bridge circuit may be used to advantage to reduce the 
effective inductance in the high-frequency current path 
by overlaying opposing conductor traces [3]. The area 
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of the magnetic field can be confined to a very small 
area, minimizing inductance and radiated energy. 

1.3 Switching Transistors and Any Parallel 
Diodes 

In a buck switching amplifier the output filter presents 
an inductive load to the switching stage. In some bridge 
applications, such as motor drives, the inductive load 
current is handled by antiparailej energy recovery diodes 
connected between the switch load and the power supply 
rails. As Atwood noted [4], [5J, switching between 
active device conduction and recovery diode conduction 
introduces a "crossover notch" step function in the out- 
put waveform. His (patented) approach to solving this 
problem uses a tapped inductor to provide a voltage 
offset for the recovery diode. Additional diode clamps 
are provided for adjustable inductors inserted in series 
with each switching leg. These are necessary to pre- 
vent avalanched or dv/d/ failures in the MQSFETs, 
which occur if the parasitic bipolar structure (Fig. 2) 
is turned on [6]. In combination, these efforts reduce 
distortion and improve reliability, but the tapped in- 
ductor configuration puts considerable constraints on 
the inductor design and must be optimized for a specific 
line voltage. 

The intrinsic diode of conventional power MOSFETs 
has a carrier lifetime and charge storage that are con- 
trolled by doping characteristics of the silicon and by 
the thickness of the n region. As voltage ratings rise, 
so does the required thickness of the n region, and with 
it the diode recovery time. Typical 500-V MOSFETs 
show recovery times of 500 ns from 8-A forward current 
at 100-A/^s d//dr. During this recovery phase the peak 
/ DRM may become very high. This makes turn-on of 
the parasitic bipolar likely, particularly at elevated 
junction temperatures. Near the end of the recovery 
phase occurs a critical interval, when high dv/d? is 
applied (Fig. 3). If the MOSFET parasitic bipolar has 
been turned on, it will fail because of the safe operating 
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area (SOA) limitations of the parasitic bipolar device, 
whose V CE|SUS , is approximately one-half the V D srB R *l 
rating of the MOSFET. "»i»krj 

It is essential to prevent body diode conduction in 
conventional MOSFETs, because diode recovery losses 
become a major contributor to switching losses, and 
because of this dv/d/ failure mode. This usually requires 
the use of antiparallel diodes, Schottky diodes in series 
with the MOSFETs, which contribute to increased 
conduction losses. The only other solution is to improve 
the MOSFET. 

Carrier lifetime can be affected by processes such 
as proton irradiation or heavy-metal implanting. These 
processes create minor imperfections in the silicon 
crystalline lattice, which facilitate carrier recombi- 
nation. Siemens has found a platinum implant process 
to be the most effective and yielding excellent stability 
of characteristics with repeated thermal cycling. The 
BUZ250 is a 250- V fast-recovery epitaxial diode field 
effect transistor (FREDFET) with improved diode 
characteristics [7]. It exhibits a typical recovery time 
of 85 ns from 17-A forward diode current (Fig. 4). 
This compares very favorably with ultrafast diodes* 
which are typically rated for 50-ns recovery from a 
forward current of 1 A. As the test current is increased, 
stored charge and recovery time increase. Furthermore,' 
this new MOSFET has very high immunity to bipolar 
turn-on, giving it high dv/d/ capability in this mode. 
This makes it suitable for use in applications where 
inductive recovery current may How in the bodv diode 
of the MOSFET. 

1.4 Design Verification Using SPICE 
Simulations 

Much of the design exploration and initial verification 
for this switching amplifier was done using SPICE 
simulations of the power and control circuit. A typical 
problem with this approach is the lack of complex device 
models, including usable power MOSFET models. The 
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Fig. 3. Typical current and vohage characteristics of intrinsic 
body diode during commutation. 
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buiU-in models for SPICE were developed for simulating 
IC circuits. In the case of MOSFETs, there are con- 
siderable differences in device structures and electrical 
characteristics between lateral MOS transistors used 
in 1C structures and vertical power MOSFETs [8]. In 
the case of the lateral MOS transistor, the gate overlays 
a horizontal current path between source and drain. 
Switching characteristics do not change a great deal 
with variation in V DS . The gate-to-drain capacitance is 
very nonlinear for vertical MOSFETs, as it includes a 
depletion capacitance element. In addition, there is no 
provision in the SPICE MOS model for the intrinsic 
diode formed by drain to the p well. 

A SPICE subcircuit model has been developed (Fig. 
5) using SPICE MOS, JFET, and diode models to form 
a structure equivalent to the vertical MOSFET [9J. This 
model uses polynomial voltage-controlled voltage 
source (VCVS) with fixed capacitor to model the non- 
linear gate-to-drain capacitance, producing results valid 
for both ac and transient simulations [19]. 

Given the finite nature of computing resources, it is 
necessary to use a hierarchical approach to preparing 
simulations of complex circuits 1101. For this reason, 
a detailed examination of driver circuit issues should 
take place at a different level than an examination of 
overall topology issues or control circuits. For this de- 
velopment effort, simulations of varying detail were 
• done at the driver circuit level (Fig . 6) , at the complete 
power switch bridge circuit f Fig. 8), analyzing the out- 
put filter (Fig. 14), and for the complete control loop 

: (Fig. i9). 

1.5 Driver Circuits 

Preparation of the driver circuit simulations required 
! developing macro models of the comparator and driver 
chips that were under evaluation (Fig. 6). The driver 
= simulation was used to predict peak gate drive currents 
. and rise and fall times as a function of layout parasitics 
and component values. MOSFETs have very high C^o 
at low Vds, and hence a long T D off. The driver was 
designed to swing ±7 V, speeding up turnoff consid- 
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erably when compared with drive circuits that only 
sink to the source potential. Though there is n slight 
^DS[ONi penalty frorn not using a IO-V drive, the overall 
drive power is reduced by 50%, making it a worthwhile 
tradeoff. Since floating driver circuits are required, 
isolated low-power auxiliary supplies power the driver 
ICs and opto couplers. A miniature dual-bobbin EP- 
10 transformer with 1 2 pF of interwinding capacitance 
is used at 100 kHz for powering each of the driver 
circuits. The schematic of the driver stage developed 
is shown in Fig. 7. A "power good" comparator (not 
shown) is also used to gate the drive signals and provide 
undervoltage lockout, as well as shutdown in the event 
of driver overloads. High-speed, high-common-mode 
rejection ratio opto couplers are used to couple the 
drive signals. The opto couplers have a longer time 
delay off than on (due to hole carrier recombination in 
the light-emitting diode). To compensate for this delay, 
an additional opto coupler stage is used at the comparator 
outputs in inverted phase to add on a variable delay, 
thus preventing cross conduction. 

1.6 Evaluation of Bridge Switching Circuit 
Using a MOSFET Models 

The complete bridge topology used is shown in Hig. 
8. It is similar to a previously reported circuit 13) using 
MOSFETs directly without Schottky blocking diodes. 
However, it uses coupled inductors instead of individual 
df/d/ inductors in each half-bridge, as in [11 J. with 
fast-recovery clamp diodes directly connected to the 
opposite rail voltage. A coupled inductor model was 
developed based on Graetz's nonlinear inductor model 
f 12] . The SPICE coupled inductor mcxlel has problems 
with transient simulations in circuits involving recir- 
culating currents. Even using macro models, this is a 
relatively complex circuit to simulate, but it can be 
run in a few hours on a 386-based PC. 

Figs. 9- 12 show simulation results for the final ver- 
sion of the bridge, running for 50 p,s with a 20-kHz 
sine wave "signal" input. The printing interval was set 
for 25 ns, and the minimum time step interval for 5 
ns. Fig. 9 shows the 20-kHz signal input and the 500- 
kHz triangle wave with both phases of comparator out- 
put. Fig. 10 shows gate-voltage waveforms and drain- 
voltage rise and fall times for one of the switch blocks. 
Fig. 1 1 shows the voltage at one of the half-bridge 
outputs and the current through the switch leg monitored 
by a zero-voltage voltage source, ISRC1. The voltage 
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| from the LC filter output is shown in Fig. 12. 

\ Evaluation of this circuit showed that minimizing 

inductance in the power supply leads and the diode 

! clamps was critical to developing clean waveforms and 

minimizing voltage overshoots on the drain circuits of 
the MOSFETs. Circuit inductance is one of the few 
areas in which there are choices available that can make 
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a key difference in overall behavior. In older high- 
power circuits, with clock frequencies in the audible 
range, conventional bus bar or heavy-gauge stranded 
wire is most commonly used for connections. Any in- 
terconnect should be considered as an air core inductor 
and evaluated as such for its effect on circuit perform- 
ance. 
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For the case of inductance where the energy is stored 
in an air gap, 

L = ix<>N 2 Af<£ 

where p<> is the permeability of free space, A is the 
current through N turns enclosed by the magnetic path 
X. Taken a little further, one can define the inductance 
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of a wire in free space from its length and diameter, 
L = 0.002*. [ Iog (IB) - , + }] 

where W, is the conductor length and W d the conductor 
diameter, both in centimeters, and u, is the permeability. 




Pig. 8. Bridge switch with d/7dr limiting coupled inductors. 
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Fig. 10. Gate and drain simulation waveforms. 
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For a given length of a conductor having a given 
diameter, it does not appear from this equation that 
there is much we can do. Any circuit includes both a 
send and a return current path. As one brings two con- 
. ductors carrying opposing currents close together, the 
magnetic field becomes concentrated between them, 
reducing the area of the field and the inductance. 

Using a close relative of the previous equation, we 
can calculate the expected inductance from one more 
parameter, the conductor spacing, 

where W v is the parallel conductor spacing in centi- 
meters. 

1 This function is plotted in Fig. 13, showing that 
dramatic reductions in inductance are possible if op- 
posing current paths are overlayed in high-power high- 
frequency circuits. This principle was applied u> the 
full bridge, resulting in a power switch layout with 16 
transistors and 8 diodes in a space approximately 4 bv 
4 in<!00by 100 mm). * 
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Fig. II. Output voltage and ISRC, monitor points. 
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2 SIGNAL-PATH TOPOLOGY 

2.1 Evaluating the Output Filter with Realistic 
Component Models 

The output filter is another design problem where 
component characteristics and parasitic elements have 
a significant role in affecting the results expected at 
frequencies of hundreds of kilohcrtz. The small-signal 
model for the power stage and filter is shown in lig 
14 The output filter is a combination of LC low-pass 
filter at 25 kHz and a resonant bandstop filter at 500 
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Fig. 12. LC filter output simulation. 
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kHz, which adds an additional low-pass element at 100 
kHz [3]. The ideal filter is calculated using standard 
methods, and may be analyzed using standard S func- 
tions or an admittance matrix. The result of a SPICE 
simulation using "ideal" components and a resistive 
load for the calculated filter circuit is shown in Fig. 
15. Predicted attenuation at the clock frequency of 500 
kHz is approximately 100 dB. If a load having inductive 
and resistive characteristics is substituted, the Q of the 
filter changes, resulting in some peaking at the resonant 
frequencies (Fig. 16). 

An "ideal" 'filter will not be possible to build, so it 
is desirable to explore the characteristics of one modeled 
with the nonideal resistance and inductance of capac- 
itors: With this modification, the filter characteristics 
can be more realistically assessed, as in Fig. 17, which 
includes models for fairly high-quality capacitors. Fig. 
18 shows the final filter characteristics with damping 
resistors for the CLC section, and AC networks for 
Impedance stabilization at high frequencies. 

The complete small-signal model is given in Fig. 
19. A four-pole input filter is used with a corner fre- 
juency of 25 kHz. X37 is a balanced differential feed- 
sack amplifier with lead compensation to compensate 
? oroneof the poles of the output filter; this is necessary 
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to allow closed loop stability around znLC filter. This 
model includes a ripple filter formed by R54, RS6, 
C37, and C35, whose purpose is to reduce the spike 
ripple seen by the error amplifier. Feedback is taken 
after the first LC filter section, but before the additional 
phase shift of the bandstop filter. The error amplifier 
uses a pole-zero-pole scheme common to switching 
power supplies to control loop gain. The previously 
described output fitter and small-signal power-stage 
model completes the loop. Fig. 20 shows the results 
plotted for open-loop gain of the feedback and error 
amplifiers. The phase lead peaks at 100 kHz, where 
loop crossover is desired. Note that to achieve adequate 
lead compensation at these high frequencies requires 
using operational amplifiers whose bandwidth extends 
to several megahertz without degradation. Fig. 21 dis- 
plays the net loop gain, showing loop crossover just 
below 1 00 kHz, with a phase margin of about 65°. The 
net loop characteristic is quite close to the ideal 6-dB 
per octave rolloff. The predicted closed-loop response 
is shown in Fig. 22, as well as the error amplifier level 
versus frequency with the loop closed. This indicates 
that the input filter characteristic is fairly well matched 
to the output stage bandwidth, as little peaking of error 
amplifier levels occurs. 
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Fig. 17. "Real" filter with resistive/inductive load. 



Vout phase ' 
300 




1E.0 l£ + i 1E.2 i£^ 3 t£*4 1E.S lE-6 1E*7 
Fig- IX. Real" filler wirh damping networks. 



PACE 30/34 • RCVD AT 2/3/2005 11:38:41 AM [Eastern Standard Time] * SVR:USPTO-EFXRF-1/3 « DNIS:872S306 * CSID: • DURATION (mm-ss):12-50 



657 



Fi: 158896951 14 To : 17038729306 (17838729386) 



11:36 82/83/05 EST Pg 31- 



HANCOCK 

3 OUTPUT WAVEFORMS 

Actual output waveforms, recorded with a Tektronix 
7D20 waveform digitizer, are shown in Figs. 23-26. 
The output from one of the half-bridge sections is shown 
in Fig. 23 at approximately 150 V peak to peak. Cor- 
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relation with the simulation results is quite good. High- 
level, high-frequency output is shown open loop in Fig. 
24, displaying the high degree of basic linearity in the 
power stage. The next graph, Fig. 25, illustrates low- 
level linearity with 12.5-kHz output at 500 mV/div. Output 
noise voltage is shown in Fig. 26, displaying a base- 
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Fig. 22. Predicted closed-loop response. 
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j band ripple of 50 mV peak to peak, with switching spikes 

I somewhat greater than 100 mV. Most of the spike ripple 

| can be eliminated by further optimization of the filter 

: layout and an additional VHF filter block, as might be 

\ implemented using bulkhead feedrhrough capacitors. 

4 OVERVIEW OF HIGH-EFFICIENCY POWER- 
FACTOR-CORRECTED POWER SUPPLY 

4.1 Power Factor— The Problem with Capacitor 
| Input Power Supplies 

The majority of power amplifiers produced use 50/ 
60-Hz transformers and capacitor input filter rectifi- 
cation. As power levels rise, so do the weight and 
expense. Furthermore, though these supplies are quite 
simple electrically, they are not as "clean" on the power 
line as most of their users would expect. Like capacitor 
input switching power supplies, the input current flows 
in relatively narrow spikes, resulting in high harmonic 
content and high peak currents in proportion to the true 
power consumed. This is illustrated in concept in Fig 
27, which shows the ac voltage waveform, the current 
conduction when the ac wave exceeds the filter droop 
voltage, and the input filter voltage ripple. Typical 
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capacitor input circuits exhibit a power factor of 0.7, 
which, in simple terms, means that a circuit designed 
for 1000-W delivery into a resistive load can only deliver 
700 W into this load. 

In power supply applications such as airborn elec- 
tronics, the power factor has long been a concern and 
specified parameter. Oflate it is receiving more attention 
for industrial and consumer equipment, particularly in 
Europe, where new IEC standards classify non-power- 
factor-corrected equipment with waveforms such as 
Fig. 27 as class D equipmenr, with attendant penalties 
and restrictions. 

One method gaining in popularity to solve this prob- 
lem is the use of a switching converter as a current 
preregulator to program the current draw to follow the 
line voltage [13], Typically a boost or flyback converter 
is used as a preregulator to charge a 360-V bus that 
powers a secondary converter, which provides isolation 
and load regulation. A low value of high-frequency 
npple, which is easily filtered, is superimposed on the 
50/60-Hz low-frequency current waveform, as shown 
in Fig. 28. The cost of two converters is offset by 
several factors. Because the secondary regulator sees 
a relatively stabilized voltage, the secondary converter 
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KANCOCK 

components can be sized more ideally. The ripple cur- 
rents are considerably reduced in the filter capacitors 
by this technique, saving cost in the capacitors and 
semiconductor switches. Last, but probably not Least, 
this circuit can provide automatic line-voltage adap- 
tation, working from 90 to 260 V ac without any taps 
or switches. 

4.2 Low-Noise ZCS-QRC Main Converter 

For the secondary converter, objectives in an amplifier 
power supply must include very low ripple, inherently 
good load regulation, and high efficiency. For an am- 
plifier application, high power density, or small size, 
is of secondary importance. Although a conventional 
switching power supply may achieve some of these 
goals, newer topologies show that improvements can 
be made, particularly in regard to EMI and noise. 

Resonant and quasi-resonant converters have been 
developed in many topologies to achieve high power 
density through minimum magnetics volume and very 
high switching frequencies, often in the megahertz 
range. By using reactive components, including reactive 
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Fig. 27. Capacitor input rectifier waveforms. 
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parasitics of switching devices or transformers, a 
nonsquare current or voltage waveform is achieved, 
decreasing the stress and losses for switching transitions 
when compared with conventional PWM "square-wave" 
switching power supplies. Whereas early PWM 
switching power supplies operated at a few tens of 
kilohertz, resonant supplies have been developed at 
frequencies as high as tens of megahertz (14]-[18). If 
high power density is not the goal, lower frequency 
ranges may be used with transistors such as I,GBTs 
[17], [18] to achieve good efficiency and very reasonable 
di/dx's (and low noise) with switching rates in the 100- 
kHz region. Fig. 29 shows the basic power switch circuit 
for one type of quasi-resonant power supply, a zero- 
current-switching parallel quasi-resonant converter. 
This type of supply switches the voltage across the 
transistors at nearly zero current (Fig. 30), resulting 
in low switching losses, and very low switching stress 
on output components, as the voltage output waveforms 
are haversines. Almost any kind of PWM supply may 
be built as an equivalent resonant circuit. The parallel 
quasi-resonant circuit is most similar to the buck PWM 
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Fig. 28. Power-factor converter input current. 
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Fig. 29. Basic circuit for half-bridge ZCS-QRC. 
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1 |iS/div. horizontal 
Fig. 30. Typical transistor voltage and current waveforms. 



converter and, like the buck equivalent circuits, has 
low output impedance and inherently good load reg- 
ulation. 

Although "unconventional" power supplies (that is, 
not 50/60-Hz transformer isolated with capacitor input 
filters) are uncommon in audio, the convergence of 
component, design, and power quality issues may 
change that picture. 

SUMMARY 

A new power MOSFET has been developed using 
heavy metal doping, which is well suited to developing 
a switching amplifier. A bridge circuit is described 
which supports fast switching and has a good waveform 
shape at 500 kHz. SPICE modeling is shown to be a 
useful tool for design verification of many aspects of 
the circuit operation, including driver circuits, bridge 
switch, output filter, and control loops. 
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